To determine whether IGF-1 opposes the stimulation of myocyte death in the surviving myocardium after infarction, transgenic mice overexpressing human IGF-1B in myocytes (FVB.Igf ϩ / Ϫ ) and wild-type littermates at 1.5 and 2.5 mo of age were subjected to coronary ligation and killed 7 d later. Myocardial infarction involved an average 50% of the left ventricle, and produced cardiac failure. In the region proximate to infarction, myocyte apoptosis increased 4.2fold and 2.1-fold in nontransgenics at 1.5 and 2.5 mo, respectively. Corresponding increases in myocyte necrosis were 1.8-fold and 1.6-fold. In contrast, apoptotic and necrotic myocyte death did not increase in FVB.Igf ϩ / Ϫ mice at either age after infarction. In 2.5-mo-old infarcted nontransgenics, functional impairment was associated with a 29% decrease in wall thickness, 43% increase in chamber diameter, and a 131% expansion in chamber volume. Conversely, the changes in wall thickness, chamber diameter, and cavitary volume were 41, 58, and 48% smaller in infarcted FVB.Igf ϩ / Ϫ than in nontransgenics. The differential response to infarction of FVB.Igf ϩ / Ϫ mice resulted in an attenuated increase in diastolic wall stress, cardiac weight, and left and right ventricular weight-to-body wt ratios. In conclusion, constitutive overexpression of IGF-1 prevented activation of cell death in the viable myocardium after infarction, limiting ventricular dilation, myocardial loading, and cardiac hypertrophy. (
Introduction
Ventricular dilation acutely after infarction is characterized by depressed cardiac performance, poor recovery of function, and increased mortality (1) . The expansion in cavitary volume shortly after coronary artery occlusion is due to an architec-tural rearrangement of myocytes in the surviving portion of the ventricle, resulting in mural thinning and an increase in the transverse and longitudinal chamber diameters (2) (3) (4) (5) . Conversely, the infarcted region of the wall contributes minimally to the acute augmentation in diastolic volume of the injured ventricle (6) . The underlying mechanism responsible for wall restructuring, side-to-side slippage of cells, and cardiac dilatation has been linked to programmed myocyte death (6, 7) . Apoptosis occurs in a scattered manner throughout the nonischemic myocardium, and it affects the border zone more than the remote healthy tissue (7) . Physical forces coupled with diastolic Laplace overloading after infarction may play a critical role in the initiation of the endogenous cell death pathway, a possibility that is consistent with recent observations in vitro (8) . Since IGF-1 interferes with activation of apoptosis in several cells and organ systems (9) (10) (11) (12) (13) (14) (15) (16) (17) , the hypothesis was advanced that transgenics overexpressing IGF-1 in myocytes may sustain more effectively the impact of infarction by attenuating cell death stimulation in the spared myocardium. This protective effect may limit cavitary dilation and mural thinning, reducing the overload on the infarcted heart. For this purpose, coronary artery ligation was performed in heterozygous transgenic mice, designated as FVB.Igf ϩ / Ϫ , in which the cDNA for the human IGF-1B was placed under the control of the rat ␣ -myosin heavy chain promoter (18) . Two age intervals were examined. In comparison with nontransgenics, FVB.Igf ϩ / Ϫ mice at 1.5 mo have the same heart weight and 21% more myocytes of smaller size. At 2.5 mo of age, FVB.Igf ϩ / Ϫ have hypertrophied hearts and a 31% higher number of cells of similar volume than in nontransgenics (18) . These conditions allowed us to discern whether the ability of IGF-1 to oppose cell death after infarction was influenced by cardiac weight or by the volume and number of myocytes.
Methods
Myocardial infarction. Experiments included transgenic FVB.Igf ϩ / Ϫ mice and nontransgenic littermates that were developed in our laboratory (18) . Under ether anesthesia, the thorax was opened, the heart was exteriorized, and the left main coronary artery was ligated. The chest was then closed, the pneumothorax was reduced, and the animals were allowed to recover. Control mice underwent sham operation. Coronary occlusion was performed in 10 and 38 FVB.Igf ϩ / Ϫ at 1.5 and 2.5 mo of age, and mortality affected 5 and 18 animals in the younger and older groups, respectively. The remaining 5 and 20 mice were killed 7 d later. 12 and 42 nontransgenics at 1.5 and 2.5 mo, were subjected to coronary occlusion. 7 in the first group and 22 in the second died during the 7-d period of experimentation. The 5 and 20 surviving mice were included in the study. Sham-operated FVB.Igf ϩ / Ϫ and nontransgenics consisted of 5 and 18 animals each at 1.5 and 2.5 mo of age. All mice were injected intraperitoneally with 10 g of monoclonal antibody specific for cardiac myosin (clone CCM-52) 24 h before death (19, 20) .
Cardiac function. Physiologic measurements were obtained in FVB.Igf ϩ / Ϫ and nontransgenic littermates at 2.5 mo of age. Under intraperitoneal chloral hydrate anesthesia, 400 mg/kg body weight, the right carotid artery was cannulated with a microtip pressure transducer catheter (SPR-612; Millar Instruments Inc., Houston, TX) connected to an electrostatic chart recorder (ES 2000; Gould Inc., Cleveland, OH). The catheter was advanced into the left ventricle for evaluation of left ventricular pressures and ϩ and Ϫ dP/dt in the closedchest preparation.
Terminal deoxynucleotidyl transferase (TdT) 1 and myosin antibody labeling. After the hemodynamic measurements, the heart was arrested in diastole (6) , and the left ventricle inclusive of the septum and right ventricle were dissected and weighed. Three sections from each left ventricle, cut perpendicularly to the major axis of the heart, were sampled, and frozen sections were obtained. These sections were incubated with TRITC-labeled anti-mouse IgG, fixed in 1.5% paraformaldehyde, and mounted. TdT assay was performed by incubating sections with 5 U of TdT, 2.5% mM CoCl 2 , 0.2 M potassium cacodylate, 25 mM Tris-HCl, 0.25% BSA, and 0.5 nM biotinylated 2 Ј deoxyuridine-5 Ј -triphosphate (biotin-16-dUTP). After exposure to 5 g/ml of FITC-labeled Extravidin, myocytes were stained with ␣ -sarcomeric actin antibody (clone 5C5; Sigma Chemical Co., St. Louis, MO), and then TRITC-labeled anti-mouse IgG and nuclei were visualized with bisbenzimide (7, 8, 20) . Myocardial infarction was determined by measuring the fractional area occupied by healing tissue in each of these sections of each ventricle, and the values were averaged. This part of the study included five animals each of shamoperated infarcted FVB.Igf ϩ / Ϫ and nontransgenics at 1.5 and 2.5 mo, for a total of 40 mice.
Quantitative analysis of dUTP and myosin labeling in the myocardium. In noninfarcted mice, these analyses were performed in all three sections of myocardium obtained from the base to the apex of the left ventricle. A similar approach was followed in infarcted mice, although involvement of the left ventricular free wall by infarction restricted quantification to the surviving portion of the wall which was adjacent to the infarcted region and to the interventricular septum. The number of myocyte nuclei labeled by dUTP per unit area of myocardium was measured in each left ventricle by examining a minimum of 5.1 to a maximum of 10.5 mm 2 . The numerical density of myocyte nuclei was measured by counting the number of bisbenzimide-labeled nuclei in ␣ -sarcomeric actin-positive cells. These values were used to compute the number of apoptotic myocyte nuclei per 10 6 cells (7, 8, 20, 21) . Similarly, the number of myocyte profiles labeled by myosin antibody was assessed and expressed per mm 2 of myocardium in each animal (20, 21) . The specificity of the TdT reaction for myocyte apoptosis was determined by confocal microscopy. By this procedure, chromatin alterations were correlated with the presence or absence of dUTP labeling in nuclei (22) . Chromatin was visualized by propidium iodide (10 mg/ml), and dUTP and ␣ -sarcomeric actin staining were performed as described above. Sections were examined at 100 ϫ (numerical aperture 1.3) with a MRC-1000 confocal microscope (Bio-Rad Laboratories, Richmond, CA) (22) . A total of 200 myocyte nuclei were examined by sampling 10 nuclei from each of 20 infarcted mice. These nuclei were collected from the basal and midmyocardial regions in each left ventricle.
DNA gel electrophoresis. To confirm that histochemical detection of DNA fragments reflected internucleosomal DNA cleavage, low molecular weight DNA was extracted from isolated ventricular myocytes and analyzed by agarose gel electrophoresis (7, 8) . Myocytes were isolated from 2.5-mo-old animals by collagenase perfusion according to a procedure repeatedly used in our laboratory (7, 18, 20) . Consistent with previous results, the degree of contamination from nonmyocytes ranged from 1-3%. This part of the study included three and five animals each from sham-operated and infarcted FVB.Igf ϩ / Ϫ and nontransgenic littermates, for a total of 16 mice. Myocytes from the region bordering the infarct and septum were fixed in ethanol and incubated in 40 l of phosphate-citrate buffer (pH 7.8). The supernatant was concentrated and digested with RNase, 1 mg/ml, and Proteinase K, 1 mg/ml. Subsequently, 12 l of loading buffer (0.25% bromophenol blue, 30% glycerol) was added, and samples were subjected to electrophoresis on 2% agarose gel containing 0.5 g/ml ethidium bromide. The DNA in the gels was visualized under UV light.
Perfusion fixation and ventricular anatomy. In 10 sham-operated and 10 infarcted FVB.Igf ϩ / Ϫ at 2.5 mo, and in an identical number of noninfarcted and infarcted nontransgenics, the abdominal aorta was cannulated with a polyethylene catheter and filled with phosphate buffer (0.2 M, pH 7.4) and heparin (100 IU/ml). In rapid succession, the heart was arrested in diastole by injection of 0.15 ml cadmium chloride (100 mM) through the aortic catheter, the thorax was opened, perfusion with phosphate-buffered formalin was started, and the right atrium was cut to allow drainage (6, 23, 24) . Perfusion pressure was adjusted to the mean arterial pressure. The left ventricular chamber was filled with fixative from a pressure reservoir set at a height equivalent to the in vivo-measured end-diastolic pressure for a 20-min fixation (24), a task accomplished by inserting a 25G3/4 Vacutainer (Becton Dickinson Co., Rutherford, NJ) into the left ventricle through the apex. At the end of the procedure, the left ventricle including the septum and the right ventricle were dissected and weighed. After measuring the major longitudinal intracavitary diameter, each left ventricle was serial-sectioned into three rings perpendicular to the major axis of the heart, after which the thickness of the free wall and septum and the transverse chamber diameter were measured by an image analyzer. At the midregion, the minimal and maximal luminal diameters were used with the long axis to compute chamber volume (25) . Measurements of wall thickness, chamber radius, and end-diastolic pressure were used to calculate wall stress at each of the three sites examined (24, 26) . Infarct size in these hearts was determined as described above.
Data collection and analysis. Tissue samples were coded, and the code was broken at the end of the experiments. Results are presented as mean Ϯ SD. Statistical significance ( P Ͻ 0.05) between two measurements and among multiple groups was determined by the two-tailed Student's t test, ANOVA and the Bonferroni method, respectively (27) . Specifically, the changes in the magnitude of myocyte apoptosis and necrosis in each region of the heart in nontransgenic and transgenic mice were established by Student's t test (two-group analysis), whereas the baseline difference in the two regions of the heart in the two groups of animals were determined by the Bonferroni method (four-group analysis). Infarct size at the two age intervals in each animal group was compared by Student's t test (two-group analysis), but infarct size among the four groups of infarcted mice was evaluated by the Bonferroni method (four-group analysis). Functional measurements between control and infarcted mice in each group were analyzed by Student's t test (two-group analysis). A four-group analysis by Bonferroni method, however, was performed when physiologic parameters were compared in noninfarcted and infarcted transgenic and nontransgenic mice. The differences in relative changes of wall thickness, chamber diameter, and chamber volume between infarcted nontransgenic and transgenic animals were computed from the quotient of values of noninfarcted and infarcted animals in each group, according to the equation previously described (28) . Subsequently, a Student's t test was applied.
Results
Myocyte death. Nuclear damage and TdT labeling of myocytes were apparent by confocal microscopy 7 d after infarction in nontransgenics (Figs. 1, A-D ). Myocyte necrosis, detected by myosin antibody, was also evident with this tech-1. Abbreviations used in this paper: IGF-1R, IGF-1 receptor; LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular systolic pressure; MI, effects of infarction; SO, sham-operated; TdT, terminal deoxynucleotidyl transferase. nique (Figs. 1, E and F ). The analysis of 200 TdT-positive myocyte nuclei demonstrated that 91 Ϯ 8% showed TdT labeling and chromatin damage, and 9 Ϯ 8% showed positive staining in the absence of nuclear alterations. Since formation of DNA strand breaks precedes changes in chromatin structure (29) , the specificity of histochemical detection of apoptosis was confirmed here by confocal microscopy. Low levels of apoptosis were observed in the left ventricle and septum of control nontransgenics and FVB.Igf ϩ / Ϫ at 1.5 and 2.5 mo (Fig. 2 ). Myocardial infarction resulted in a 4.2-fold ( P Ͻ 0.001) and 2.1-fold ( P Ͻ 0.002) increase in myocyte apoptosis in the surviving portion of the left ventricle in nontransgenics at 1.5 and 2.5 mo, respectively. Smaller changes were detected at the level of the septum, but they were not significant. Fig. 2 also shows the effects of myocardial infarction on FVB.Igf ϩ / Ϫ mice. In these animals, there was no increase in apoptotic myocyte cell death in the left ventricle and septum at either age. Before coronary ligation, the degree of apoptosis in transgenics at 1.5 and 2.5 mo was consistently lower than in nontransgenics, but these differences were statistically significant only in the left ventricular free wall at the later age interval ( P Ͻ 0.01). Moreover, baseline myocyte apoptosis in the left ventricle was greater than in the septum in FVB.Igf ϩ / Ϫ at 1.5 mo ( P Ͻ 0.003) and in nontransgenic mice at 2.5 mo ( P Ͻ 0.01).
Myocyte necrosis was comparable in control transgenic and nontransgenic mice ( Fig. 3 ). In the absence of infarction, myocyte necrosis affected the left ventricle more than the septum in nontransgenics at 1.5 ( P Ͻ 0.001) and 2.5 mo ( P Ͻ 0.001) as well as in transgenics at 1.5 ( P Ͻ 0.001) and 2.5 mo ( P Ͻ 0.001) of age. Coronary ligation increased this form of myocyte death in nontransgenics at 1.5 and 2.5 mo, but had no influence on FVB.Igf ϩ / Ϫ at both ages. Similarly to apoptosis, infarction enhanced necrotic cell death in nontransgenics only in the left ventricle. In this region, there was a 1.8-fold ( P Ͻ 0.02) and 1.6-fold ( P Ͻ 0.03) increase at 1.5 and 2.5 mo.
Infarct size was measured in the four groups of animals included in this part of the study and in the section below, describing ventricular anatomy ( Fig. 4 ). In nontransgenic mice at 1.5 and 2.5 mo, infarct size at 7 d was 58 Ϯ 6% ( n ϭ 5) and 50 Ϯ 6% ( n ϭ 15), respectively. The 16% higher value in the younger animals was significant ( P Ͻ 0.02). Infarct dimension in transgenic mice was 54 Ϯ 8% ( n ϭ 5) at 1.5, and 49 Ϯ 5% ( n ϭ 15) at 2.5 mo, but this 10% difference did not reach statistical significance. Moreover, infarct size was comparable in FVB.Igf ϩ / Ϫ and nontransgenic mice at the two age intervals examined.
DNA laddering. To confirm that TdT staining of nuclei corresponded to DNA fragmentation, low molecular weight DNA was extracted from ventricular myocytes of 2.5-mo-old mice and analyzed by agarose gel electrophoresis. Myocytes from control FVB.Igf ϩ / Ϫ and nontransgenic mice did not show DNA laddering. Conversely, internucleosomal cleavage was apparent in nontransgenics after infarction (Fig. 5, lanes 2 and  3) . DNA damage, however, was not detected in infarcted FVB.Igfϩ/Ϫ mice (Fig. 5, lane 4) .
Ventricular anatomy and wall stress. Heart weight of control nontransgenics (left ventricle [LV] ϭ 103Ϯ13 mg; right ventricle [RV] ϭ 34Ϯ4 mg; n ϭ 5) and transgenics (LV ϭ 115Ϯ11 mg; RV ϭ 38Ϯ4 mg; n ϭ 5) did not differ at 1.5 mo. A 26% (P Ͻ 0.001) and 41% (P Ͻ 0.001) greater value, however, was observed in the left and right ventricles of FVB.Igfϩ/Ϫ (LV ϭ 164Ϯ9 mg; RV ϭ 62Ϯ4 mg; n ϭ 15) than in those of nontransgenics (LV ϭ 130Ϯ9 mg; RV ϭ 44Ϯ3 mg; n ϭ 15) at 2.5 mo. In younger nontransgenics, infarction did not change left (108Ϯ17 mg; n ϭ 5) or right (36Ϯ6 mg; n ϭ 5) ventricular weights. Body weight also did not vary (from 22.7Ϯ3.1 g to 21.5Ϯ3.4 g), resulting in similar cardiac weight-to-body weight ratios. In older infarcted nontransgenics, a 23% (P Ͻ 0.001) increase in the left (160Ϯ7 mg; n ϭ 15) and a 27% (P Ͻ 0.001) in the right (56Ϯ5 mg; n ϭ 15) ventricular weight was found, while body weight decreased 8% (P Ͻ 0.05) from 25.3Ϯ1.4 to 23.4Ϯ3.0 g.
In infarcted FVB.Igfϩ/Ϫ at 1.5 mo, the weight of the left (129Ϯ16 mg; n ϭ 5) and right (43Ϯ6 mg; n ϭ 5) ventricles remained constant. Body weight was also not affected by infarction (from 24.1Ϯ2.8 to 23.6Ϯ4.8 g) and cardiac weight-to-body weight ratios did not change. A 15% (P Ͻ 0.001) and 13% (P Ͻ 0.05) increase in the weight of the left (189Ϯ16 mg; n ϭ 15) and right (70Ϯ6 mg; n ϭ 15) ventricles, however, was observed in infarcted transgenics at 2.5 mo, whereas body weight decreased 6% (P Ͻ 0.05) from 27Ϯ1.7 to 25.5Ϯ2.1 g. As a consequence of these alterations in the older animal groups, infarcted nontransgenics at 2.5 mo showed a 35 (P Ͻ 0.001), 40 (P Ͻ 0.001), and 36% (P Ͻ 0.001) increase in the left ventricle (sham-operated [SO] ϭ 5.2Ϯ0.2 mg/g; effects of infarction [MI] ϭ 7.0Ϯ0.8 mg/g), right ventricle (SO ϭ 1.74Ϯ0.06 mg/g; MI ϭ 2.44Ϯ0.29 mg/g), and total heart (SO ϭ 6.9Ϯ0.3 mg/g; MI ϭ 9.4Ϯ1.1 mg/g) weight-to-body weight ratio. Corresponding increases in infarcted FVB.Igfϩ/Ϫ were 21% (SO ϭ 6.1Ϯ0.4 mg/g; MI ϭ 7.4Ϯ0.4 mg/g, P Ͻ 0.001), 19% (SO ϭ 2.31Ϯ0.16 mg/g; MI ϭ 2.75Ϯ0.13 mg/g, P Ͻ 0.001) and 21% (SO ϭ 8.4Ϯ0.6 mg/g; MI ϭ 10.2Ϯ0.5 mg/g, P Ͻ 0.001).
Functional measurements could not be obtained in animals at 1. mmHg/s; FVB.Igfϩ/Ϫ, 5,220Ϯ1,258 mmHg/s; P Ͻ 0.001). Although the changes in LVEDP, LVSP, and dP/dt were greater in nontransgenics, these differences were not significant. Fig. 6 illustrates the changes in wall thickness and chamber diameter after infarction at each of the three levels of the left ventricle from base to apex in nontransgenics and transgenics. This analysis included 10 mice in each group. In comparison with sham-operated nontransgenics, infarcted animals showed a 24% (P Ͻ 0.005), 22% (P Ͻ 0.05), and 42% (P Ͻ 0.001) decrease in the thickness of the viable portion of the left ventricle, resulting in an average 29% (P Ͻ 0.001) decrease in this parameter ( Fig. 6 A) . Septal thickness was not altered after infarction (not shown). Conversely, chamber diameter increased 37% (P Ͻ 0.001), 39% (P Ͻ 0.001), and 55% (P Ͻ 0.001) from base to apex, producing a 43% (P Ͻ 0.001) augmentation in the entire ventricle ( Fig. 6 B) . In FVB.Igfϩ/Ϫ mice, myocardial infarction was characterized by the lack of changes in the thickness of the left ventricle at the base. A 23% (P Ͻ 0.005) and 31% (P Ͻ 0.001) reduction, however, was noted in the middle and inferior portions ( Fig. 6 C) , resulting in an average decrease of 17% (P Ͻ 0.01). Septal thickness remained constant at the three levels (not shown). The regional changes in wall thickness from the base to the apex of the ventricle after infarction in both nontransgenic and transgenic mice were independent from the infarcted myocardium, which was excluded from the measurements. This variability may reflect the complexity of ventricular remodeling in the postinfarcted heart. Chamber diameter increased 21% (P Ͻ 0.05) and 31% (P Ͻ 0.001) in the lower two-thirds of the ventricle, but did not expand at the base (Fig. 6 D) , resulting in an 18% (P Ͻ 0.05) average increase in the entire ventricle. The increases in left ventricular weight after infarction in nontransgenics (23Ϯ3%) and transgenics (15Ϯ4%) were then compared, and the 35% smaller increase of this parameter in FVB.Igfϩ/Ϫ (15: 23 ϭ 0.65, i.e., Ϫ35%) was statistically significant (P Ͻ 0.001). Moreover, the 27Ϯ5% increase in right ventricular weight in nontransgenics and the 13Ϯ4% increase in transgenics with infarction indicated a 52% lesser increase in weight in the latter group of animals (13: 27 ϭ 0.48, i.e., Ϫ52%) which was also statistically significant (P Ͻ 0.001).
After infarction, the longitudinal axis of the left ventricle increased 16% (P Ͻ 0.001) in nontransgenics, from 7.5Ϯ0.34 to 8.7Ϯ0.52 mm, and 18% (P Ͻ 0.001) in FVB.Igfϩ/Ϫ, from 7.7Ϯ0.37 to 9.1Ϯ0.48 mm. Moreover, chamber volume increased 131% (P Ͻ 0.001) in nontransgenics, from 65Ϯ11 to 149Ϯ27 l, and 68% (P Ͻ 0.005) in FVB.Igfϩ/Ϫ, from 83Ϯ15 to 139Ϯ44 l. The 28% larger chamber volume in control FVB.Igfϩ/Ϫ mice was significant (P Ͻ 0.01). In contrast, the differential changes in chamber volume after infarction in nontransgenic and transgenic mice resulted in a similar cavitary size in the two groups of mice. When the different reduction in wall thickness after infarction between nontransgenics (Ϫ29Ϯ 6%) and transgenics (Ϫ17Ϯ5%) was examined on a statistical basis, it was possible to demonstrate that IGF-1 overexpression was associated with a 41% (P Ͻ 0.001) smaller decrease in this parameter (17: 29 ϭ 0.59, i.e., Ϫ41%). Similarly, the 43Ϯ9% increase in chamber diameter in nontransgenics and the 18Ϯ6% increase in transgenics resulted in a 58% lesser augmentation in cavitary diameter in the latter group (18: 43 ϭ 0.42, i.e., Ϫ58%). Finally, the 131Ϯ17% expansion in chamber volume in infarcted nontransgenics, and the 68Ϯ20% increase in infarcted transgenics yielded a 48% (P Ͻ 0.001) smaller change in left ventricular chamber volume in transgenics (68: 131 ϭ 0.52, i.e., Ϫ48%).
The measurements of wall thickness and chamber diameter were combined with the in vivo evaluations of LVEDP to compute the distribution of diastolic wall stress from base to apex. In infarcted nontransgenics, this parameter increased 348% (P Ͻ 0.001) at the base, 344% (P Ͻ 0.001) in the midregion, and 550% (P Ͻ 0.001) in the apical area ( Fig. 7 A) . Corresponding changes in diastolic wall stress in infarcted transgenics were 149% (P Ͻ 0.001), 261% (P Ͻ 0.001), and 353% (P Ͻ 0.001) ( Fig. 7 B) . As a consequence, diastolic stress from base to apex increased 2.3-fold (P Ͻ 0.005), 1.3-fold (P Ͻ 0.05), and 1.6-fold (P Ͻ 0.05) more in nontransgenic than in FVB.Igfϩ/Ϫ mice. In the entire ventricle, diastolic wall stress was 1.6-fold (P Ͻ 0.005) higher in infarcted nontransgenics. A similar pattern was noted in the septum. The increases in diastolic septal stress in infarcted nontransgenics varied from a minimum of 255% (P Ͻ 0.001) to a maximum of 299% (P Ͻ 0.001), with a mean value of 270% (P Ͻ 0.001) ( Fig. 7 C) . Lower increases were seen in the septum of infarcted FVB.Igfϩ/Ϫ (Fig. 7 D) . The average 1.7-fold higher elevation in diastolic septal stress in nontransgenics was significant (P Ͻ 0.01).
Discussion
IGF-1 and myocyte cell death. This study demonstrates that overexpression of IGF-1 in transgenic mice was capable of interfering with myocyte death in the region adjacent to the infarcted myocardium, attenuating ventricular dilation and the magnitude of the overload. In contrast, cell apoptosis and ne- crosis were enhanced in the surviving myocardium of infarcted nontransgenics. The protective effect against cell death in FVB.Igfϩ/Ϫ mice was independent from ventricular weight and the number and size of myocytes. It was detected in animals at 1.5 mo in which heart weight was not different from nontransgenics, although the number of myocytes was greater and cell volume was smaller (18) . A similar behavior was observed in infarcted FVB.Igfϩ/Ϫ at 2.5 mo that had higher heart weight and cell numbers, but myocytes comparable in size to wild-type mice (18) . Of relevance, IGF-1 protects in vitro from apoptosis cerebellar neurons (10, 13) , hemopoietic cells (9), fibroblasts (11), preovulatory follicles (12), neuroblastoma cells (17) , and most importantly, transplanted tumors in vivo (14). Moreover, its administration attenuates myocyte death in ischemia reperfusion injury (15) . Results here provide the first demonstration that endogenous overexpression of IGF-1 in myocytes counteracts in vivo the death signal associated with coronary occlusion and a large segmental loss of myocardium. IGF-1, however, was unable to interfere with the magnitude of myocyte death in the portion of the wall supplied by the permanently occluded coronary artery.
The mechanisms by which IGF-1 prevents cell death are unknown. Decreases in the density of IGF-1 receptors (IGF-1R) are characterized by increases in apoptosis (14). A threshold for apoptosis involving a reduction of nearly 50% in IGF-1R has been found, suggesting that the IGF-1-IGF-1R system may regulate the synthesis of apoptosis-inducing molecules (14, 16). These intracellular mediators, however, remain to be identified. IGF-1 overexpression may have the same biological consequence of an upregulation in IGF-1R: inhibiting cell death.
IGF-1 may be necessary and sufficient to attenuate cell death, since the expression of IGF-1R in myocytes of FVB.Igfϩ/Ϫ is constant postnatally (unpublished observation from our laboratory). Importantly, IGF-1 may increase the formation and release of nitric oxide from endothelial cells (30) reducing the generation of reactive oxygen species and myocyte apoptosis (8) . Additionally, nitric oxide may improve coronary blood supply to the myocardium (30), preventing cell necrosis. IGF-1 also suppresses interleukin-1␤-converting enzyme (ICE)mediated cell death, possibly by inhibiting the cleavage and activation of this enzyme (31) . This action of IGF-1 on ICE is independent from the expression of the p53-inducible genes, bax and bcl-2 (31) .
IGF-1 and ventricular remodeling. Myocyte death is a common aspect of the pathologic heart (22, (32) (33) (34) (35) (36) , and animal models mimicking the human disease have provided similar results (7, 20, (37) (38) (39) . As confirmed here, the extent of scattered apoptotic and/or necrotic myocyte death is small, raising questions on the relevance of a modest chronic loss of myocytes on the progression of the cardiomyopathic heart to ventricular dysfunction and failure (20, 36) . The current data, however, demonstrate that a marked increase in ventricular volume occurred in wild mice shortly after infarction, confirming observations in rats (1-6) and humans (1, (40) (41) (42) (43) . In these cases, myocyte death affected the surviving portion of the myocardium (7, 32, 44) contributing to cavitary dilation (8) . Conversely, a nearly 50% smaller increase in chamber volume was seen in FVB.Igfϩ/Ϫ mice in which IGF-1 opposed the impact of infarction on the activation of myocyte death. This finding has no precedent. Ventricular dilation is a critical complicating event of myocardial infarction (1, 4, 5, (41) (42) (43) . The cellular mechanisms implicated in the increase in cavitary volume have been characterized. Muscle fiber slippage is an early negative reaction of the viable region of the wall to the elevated diastolic pressure, and accounts for most of mural thinning and ventricular dilation acutely after infarction (2, 6) . This type of wall restructuring requires scattered myocyte death (7, 8, 32, 44) . A second mechanism concerns cellular hypertrophy and progressive increases in myocyte length (4, 23, 45) ; fiber elongation provides a structural template for a larger cavitary volume chronically. Third, myocyte regeneration with in series addition of newly formed cells may contribute to long-term ventricular dilation (46, 47) . Finally, thinning of the infarcted region with healing expands chamber volume acutely and subacutely (1-3). The 41% smaller decrease of mural thickness in the absence of cell death in infarcted FVB.Igfϩ/Ϫ suggests that the protective effect of IGF-1 on cell survival most likely interfered with the magnitude of cell slippage in the myocardium. IGF-1 overexpression may have also influenced the degree of myocyte lengthening, insertion of new cells in the wall, and shrinkage of the necrotic tissue.
IGF-1 and wall stress. After large infarcts, there is a significant increase in diastolic wall stress (1, 5, 41, 43) . Diastolic Laplace overloading occurs acutely and persists subacutely and chronically in the postinfarcted heart. Diastolic dysfunction is not reversed by hypertrophy of the surviving myocytes that nearly double in volume (23, 45) without ameliorating cardiac performance (6, 45, 48) . The increased preload maintains a mechanical stimulus for myocyte lengthening (48-50), expanding chamber diameter and enhancing diastolic stress (5) .
As shown here, FVB.Igfϩ/Ϫ mice sustained more efficiently the effects of myocardial infarction, since the increases in diastolic wall stress were nearly 40% lower than in nontransgenics. Moreover, the increases in weight of the left and right ventricles were 35 and 52% smaller in FVB.Igfϩ/Ϫ mice than in nontransgenics. These attenuations in pathologic loads and cardiac hypertrophy may positively influence the long-term outcome of the cardiomyopathic heart of ischemic origin.
It should be emphasized that FVB.Igfϩ/Ϫ mice at 2.5 mo of age had hypertrophied hearts and larger chamber volumes. Since infarct size was measured by the fraction of damaged tissue in the ventricle, similar percentages in the two groups of animals reflected in absolute terms greater masses of infarcted myocardium in transgenics. Moreover, cavitary dilation negatively influences the outcome of myocardial infarction (1, (41) (42) (43) and potentiates the onset of ventricular dysfunction and failure (51, 52) . These phenomena have to be considered when interpreting the accumulated results, which may have underestimated the beneficial action of IGF-1 in these experiments. The protective ability of IGF-1 was observed in spite of the presence of cardiac hypertrophy and a greater cavitary size. Importantly, myocardial hypertrophy is associated with more severe impairment in ventricular hemodynamics and increased morbidity and mortality after infarction (53) (54) (55) . These major risk factors of the hypertrophied heart are independent from infarct size (54) , which represents an additional critical event. The smaller increase in chamber volume in transgenic mice after infarction cannot be attributed to its larger size before coronary occlusion. Postinfarction ventricular dilation is largely the consequence of the elevation in diastolic wall stress that is coupled with scattered myocyte cell death, side-to-side slippage of myocytes within the wall, mural thinning, and increased cavitary diameter (5, 6) . A cause and effect relationship between diastolic Laplace overloading and these structural alterations has been shown in in vitro preparations (8) . Abnormal increases in diastolic stress condition not only acute ventricular dilation, but also the progressive increase in cavitary size chronically after infarction (6, 45) . This form of remodeling involves the in series insertion of new sarcomeres within the cells as well as myocyte lengthening. Since myocyte cell volume was comparable in control and transgenic mice before coronary artery occlusion (18) , the smaller increase in diastolic wall stress in the infarcted FVB.Igfϩ/Ϫ mice may be regarded as the determinant factor of moderate ventricular dilation in this group. Conversely, myocardial infarction on hypertrophied dilated hearts results in greater degrees of adverse cardiac events (56, 57) .
There are two relevant points that have to be addressed. Targeted IGF-1 overexpression in myocytes attenuated myocyte cell death, chamber dilation, and diastolic wall stress after infarction. It is difficult, however, to establish with certainty that the reduction in myocyte loss was the only factor responsible for the limitation in ventricular remodeling in transgenic mice. Caution has to be exercised in the interpretation of in vivo studies in which a cause and effect relationship can hardly be claimed. On the other hand, the current observations, in combination with previous in vivo (5) (6) (7) 45) and in vitro (8) experimentations, suggest that inhibition of myocyte death by IGF-1 may have played a significant role in the characterization of the anatomical properties of the infarcted heart. Although this growth factor interfered with myocyte death in the surviving myocardium, global cardiac pump function was impaired in a manner similar to that detected in nontransgenic mice. This impairment may have occurred because only very large infarcts were produced. It was beyond the purpose of this study to analyze the impact of infarcts of different sizes on ventricular hemodynamics; this is an important question to be addressed in the future. Diastolic overloading, however, was reduced in transgenic mice, and this beneficial effect may condition long-term cardiac remodeling and survival in the ischemic myopathy.
